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tags endogenous proteins proximal to APEX, allowing 
their subsequent enrichment using streptavidin beads and  
identification by mass spectrometry.

APEX has enabled some biological discoveries, including the 
proteomic mapping of the human mitochondrial matrix5 and 
intermembrane space (IMS)6 and the determination of the mem-
brane topology of the mitochondrial calcium uniporter4. However, 
in our work with APEX, we have observed that a major limitation  
is its low sensitivity. Frequently, when APEX is expressed at low 
levels, its activity with DAB (for EM) and biotin-phenol (for  
proteomics) becomes undetectable (Supplementary Fig. 1a,b). 
This problem can be solved in some cases by increasing expression, 
but for many fusion constructs, overexpression is detrimental.  
For example, outer mitochondrial membrane (OMM)- and  
endoplasmic reticulum membrane (ERM)-targeted APEX con-
structs cause severe organelle aggregation when overexpressed 
(Supplementary Fig. 1b,c).

Interestingly, the dimeric form of APEX, W41FAPX, is a more 
sensitive peroxidase inside cells (Supplementary Fig. 1b), despite 
equivalent catalytic constants measured in vitro4. Poulos and 
coworkers have shown that monomerizing ascorbate peroxidase 
(APX) decreases its thermal stability7. Hence, we hypothesized 
that the low sensitivity of APEX may result from suboptimal fold-
ing or stability, poor heme binding or some combination of these 
factors.

Because improved stability is a difficult parameter to engi-
neer by rational design, we employed directed evolution to 
improve the sensitivity of APEX. We used a yeast-display 
platform coupled with FACS. A library of 106 APEX vari-
ants was displayed on the surface of yeast cells (Fig. 1d,e). 
Using FACS, we selected for yeast displaying the most active 
APEX mutants as determined by their ability to promiscu-
ously biotinylate the yeast surface (Supplementary Fig. 2). In 
the second and third rounds of selection, we increased selective  
pressure for efficient heme incorporation by preincubating cells 
with succinyl acetone, a heme biosynthesis inhibitor8. Over three 
rounds, we observed a striking increase in the activity of the yeast 
pool (Supplementary Fig. 2a). Sequencing of clones revealed two 
predominant mutants (Supplementary Fig. 3): A134P and the 
A19V/A134P/D222G triple mutant (VPGAPEX).

In subsequent assays, we could not distinguish between 
these two  mutants. We therefore focused on the simpler, sin-
gle mutant, which we renamed ‘APEX2’. We first determined 
whether APEX2 was a more sensitive peroxidase than APEX for 
proteomic mapping applications. Live human embryonic kidney 
(HEK) cells expressing either APEX or APEX2 in the cytosol 
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aPeX is an engineered peroxidase that functions as an electron 
microscopy tag and a promiscuous labeling enzyme for live-cell 
proteomics. because limited sensitivity precludes applications 
requiring low aPeX expression, we used yeast-display evolution 
to improve its catalytic efficiency. aPeX2 is far more active in 
cells, enabling the use of electron microscopy to resolve the 
submitochondrial localization of calcium uptake regulatory 
protein micu1. aPeX2 also permits superior enrichment 
of endogenous mitochondrial and endoplasmic reticulum 
membrane proteins.

Heme peroxidases are powerful tools for biotechnology owing 
to the great diversity of reactions that they catalyze. For example, 
horseradish peroxidase (HRP) is used widely to generate chemi-
luminescent signals for western blots and chromogenic signals 
for ELISAs1–3. Recently, our laboratory engineered a monomeric 
peroxidase reporter, APEX (28 kDa), derived from dimeric pea4 
or soybean5 ascorbate peroxidases (Fig. 1a–c). Unlike HRP, APEX 
lacks disulfides and calcium-binding sites and hence can be 
expressed in the reducing cytosolic environment of cells without 
loss of activity4. Consequently, APEX can be used for intracel-
lular specific protein imaging by electron microscopy (EM)4 and 
spatially resolved proteomic mapping5,6.

For EM (Fig. 1b), APEX is genetically fused to a protein of 
interest, and the fusion construct is expressed inside cells. 
The cells are then fixed and overlaid with a solution of diami-
nobenzidine (DAB) and H2O2. APEX catalyzes the polymeriza-
tion and local deposition of DAB, which subsequently recruits 
electron-dense osmium, giving EM contrast. For proteomic 
mapping (Fig. 1c), APEX is genetically targeted to a cellu-
lar organelle or protein complex of interest. Then live cells are 
treated for 1 min with H2O2 in the presence of biotin-phenol.  
APEX catalyzes the oxidation of biotin-phenol to generate a 
very short-lived biotin-phenoxyl radical. This radical covalently  
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were treated with H2O2 in the presence of biotin-phenol for  
1 min and then fixed and stained with streptavidin–Alexa Fluor 
568 for imaging (Fig. 2a,b and Supplementary Fig. 4a) or lysed 
and run on a gel for streptavidin blot analysis (Supplementary  
Fig. 4b). By both readouts, APEX2 was much more active than 
APEX. Surprisingly, APEX2 was also much more active than 
dimeric W41FAPEX. By microscopy, we observed many cells 
expressing APEX2 at very low levels that nevertheless had high 
biotinylation activity. When we targeted APEX2 to the OMM or 
ERM using lentiviral transduction to maintain low expression 
levels, we observed robust biotinylation by cell imaging. In con-
trast, APEX completely failed in these contexts: it gave undetect-
able biotinylation at low expression and caused gross organelle 
perturbation at high expression (Supplementary Fig. 5).

Using these same constructs, we tested whether APEX2 has 
a greater ability to enrich proximal endogenous proteins via  
live-cell biotinylation and streptavidin pulldown than APEX, 
a critical measure of its utility for proteomic mapping. APEX2 
targeted to the OMM strongly enriched the endogenous OMM 
proteins Tom70 and Tom20 (Fig. 2c). Spatial specificity was 
indicated by the lack of enrichment of endogenous mitochon-
drial matrix protein ATP5B and by the only slight enrichment 
of endogenous ERM protein BCAP31. In contrast, the APEX  
version of this construct barely enriched Tom70 and Tom20. We 
obtained similar results when comparing the ability of the APEX and 
APEX2 ERM fusion constructs to selectively enrich BCAP31 over 
OMM and endoplasmic reticulum lumen proteins (Fig. 2c). From  
these results, we concluded that APEX2 is superior to APEX for 
proteomic enrichment.

To test whether APEX2 is a more sensitive reporter than 
APEX for EM, we prepared matched samples with APEX or 
APEX2 targeted to the cytosol, plasma membrane and micro-
tubules of HEK cells and PSD95 in the postsynaptic density 
of rat hippocampal neurons. DAB staining was performed on 
fixed cells, which were then imaged by bright-field microscopy.  
In this mode, cellular regions that appear dark owing to absorb-
ance of visible light reflect the presence of DAB polymer deposits  
and, thus, elevated APEX or APEX2 activity. APEX2 fusions 
consistently gave darker DAB staining than their APEX coun-
terparts (Supplementary Fig. 6). One sample set, a fusion to the 

CAAX prenylation sequence, was further stained with osmium 
and imaged by EM. APEX2-CAAX provided strong EM contrast 
at the plasma membrane, whereas APEX-CAAX was not detect-
able above background (Fig. 2d and Supplementary Fig. 7a). 
To illustrate the generality of APEX2 as an EM tag, several more 
fusion constructs were imaged by EM in fibroblasts and cultured 
neurons (Supplementary Fig. 7b–j). All together, APEX2 is  
superior to APEX for protein imaging in cells by EM.

We wished to understand the mechanistic basis for the superior 
performance of APEX2 in cells. The A134P mutation is in a loop 
adjacent to both heme and the aromatic substrate–binding site9  
(Fig. 1a). We first confirmed that this mutation does not revert 
APEX2 back to a dimer (Supplementary Fig. 8a,b). Next, we per-
formed measurements of thermal stability (Supplementary Fig. 8c)  
and heme binding (Supplementary Fig. 9). We found that APEX2 
was slightly better than APEX in both respects but inferior to dimeric 
W41FAPX, despite being much more active than both inside cells. 
Thus, the improvements in stability and heme binding only partially 
explain the superior intracellular performance of APEX2.

When we performed kinetic measurements of phenol substrate 
oxidation by purified protein, we observed a striking effect. The 
initial rates for APEX2-catalyzed oxidation of the model aro-
matic substrate guaiacol increased steadily as a function of H2O2 
concentration until ~2.5 mM H2O2 (with 1.4 mM guaiacol) or  
0.5 mM H2O2 (with 0.5 mM guaiacol), at which point the rate 
began to decrease (Fig. 2e). H2O2-induced peroxidase inhibi-
tion has been previously documented10,11. Interestingly, APEX 
became inhibited at much lower H2O2 concentrations—0.1 mM or  
0.05 mM H2O2, respectively—which are well below the concentra-
tions used for both proteomic and EM experiments. Therefore, the 
different susceptibilities of APEX and APEX2 to H2O2-induced 
inhibition may be the major reason that APEX2 is superior in cells 
(Supplementary Discussion and Supplementary Figs. 10–15).

The improved properties of APEX2 allowed us to investi-
gate a biological problem that was previously intractable to 
APEX. Mitochondria take up calcium from the cytosol via the  
mitochondrial calcium uniporter (MCU) channel in the inner 
membrane12–14. The regulation of MCU occurs through a soluble 
Ca2+-binding protein called MICU1 (ref. 15). Conflicting reports 
have localized MICU1 to either the IMS16 or the mitochondrial 

figure 1 | Yeast-display evolution of APEX2. 
(a) Structure of wild-type soybean ascorbate 
peroxidase (APX) with mutations present  
in APEX, APEX2 and VPGAPEX indicated.  
New mutations discovered in this study  
are highlighted yellow. The active site is 
magnified to show the heme cofactor,  
aromatic substrate (salicylhydroxamic acid, 
brown)-binding site and A134 position  
(yellow) that is mutated to proline in  
APEX2. From Protein Data Bank ID 1V0H9.  
(b) Scheme showing how APEX and APEX2  
are used as reporters to generate  
contrast for EM4. DAB, diaminobenzidine.  
(c) Scheme showing how APEX and APEX2  
are used for proteomic tagging in living cells5,6. 
Blue B, biotin. (d) Labeling and selection scheme used to evolve APEX2 by yeast display. (e) FACS plot showing the initial APEX mutant library and the 
sorting gate used in the first round of selection (red polygon). Single trial, 10,000 cells shown. FACS analyses of enriched populations and individual 
clones are in supplementary figure 2. AF488, Alexa Fluor 488.
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matrix17, resulting in very different mechanistic models of regu-
lation (Fig. 3a). IMS localization implies that MICU1 senses and 
responds to rises in cytosolic Ca2+ because the porous OMM 
enables free exchange of Ca2+ between the IMS and cytosol18. 
In contrast, matrix localization suggests that MICU1 senses and 
responds to matrix Ca2+ alone, as the inner membrane is imper-
meable to Ca2+.

To obtain a direct readout of MICU1 localization in intact 
mitochondria in cells under physiological conditions, we fused 
MICU1 to APEX2 and performed EM imaging. Previously, 
we found that transiently overexpressed MICU1-APEX gave 
aberrant localization on the outside of mitochondria (data not 
shown); in the present study, we found that lower expression via 
lentivirus gave undetectable staining (Supplementary Fig. 16).  
MICU1-APEX2, on the other hand, gave clear contrast that was 
specific to transduced cells.

To further reduce expression, we generated HEK cells that had 
endogenous MICU1 knocked out using transcription activator– 
like effector nuclease technology19 and MICU1-APEX2 stably 
expressed. Recombinant MICU1-APEX2 in these cells was able to 
fully restore gatekeeping of calcium entry (Fig. 3b–d). EM imaging 

showed APEX2 staining exclusively in the IMS and not in the matrix 
(Fig. 3e). Because of the high spatial resolution of this approach, 
we also observed that MICU1-APEX2 was associated with the 
inner mitochondrial membrane rather than filling the entire IMS  
(Fig. 3e), as expected for a protein that forms a complex with MCU. 
This result, coupled with recent proteomic evidence6, strongly  
suggests that MICU1 is exclusively localized to the IMS.

In summary, three rounds of yeast display evolution pro-
duced a single point mutation (A134P) that greatly enhances the  
cellular activity and, hence, sensitivity of APEX. Consequently, 
APEX2 could be used for EM studies and proteomic tag-
ging experiments not previously possible with APEX. As an 
EM reporter, APEX2 is easier to use than other tags (mini-
SOG20, ReAsH21 and fluorescent proteins22,23) and can provide  
staining across large fields of view without special equip-
ment because contrast generation does not require light. The  
directness of the approach also makes it an attractive alterna-
tive to indirect assays, such as subcellular fractionation followed 
by protease accessibility tests or western blotting, to examine  
the suborganellar localization and membrane topology4 of impor-
tant proteins.
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The A134P mutation in APEX2 confers improvements in 
kinetics, thermal stability, heme binding and, most strikingly, 
resistance to high H2O2 concentrations. Interestingly, although 
134P is largely absent from the cytosolic class I peroxidases from 
which APEX is derived, it is the predominant amino acid at 
position 134 in secreted class II and III peroxidases, including 
HRP (Supplementary Fig. 14). Perhaps nature independently 
converged upon this solution to bolster the H2O2 tolerance of 
peroxidases in nonreducing environments.

methods
Methods and any associated references are available in the online 
version of the paper.

Accession codes. Addgene: Cx43-GFP-APEX2, 49385; APEX2-
NES, 49386.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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figure 3 | EM analysis of MICU1 using APEX2. 
(a) Scheme showing conflicting models 
that localize MICU1 to the IMS16 or matrix 
space17,26 of mitochondria. (b) Western blot 
characterization of MICU1-APEX2 stable HEK 
cells. Endogenous MICU1 was knocked out 
(MICU1 KO) and replaced with either MICU1-
APEX2 or MICU1-Flag. Blotting was performed 
for MICU1 or succinate dehydrogenase subunit B 
(SDHB), another inner mitochondrial membrane 
(IMM)-localized protein loading control. 
(c) Representative traces (n = 3 biological 
replicates) showing mitochondrial calcium uptake 
in response to a CaCl2 pulse resulting in ~1 µM 
[Ca2+]free by monitoring Fluo4 fluorescence. Color 
as in d; a.u., arbitrary units. (d) Graph reporting 
the linear fits of calcium uptake data from c 
between 50 and 60 s after CaCl2 addition. Values 
are normalized to that of MICU1 KO (n = 3). Error 
bars, ±1 s.d. (e) EM images of HEK cells stably 
expressing MICU1-APEX2 (characterized in b,c). 
Two fields of view are shown. Arrowheads point 
to wider cristae regions where dark staining is 
associated with the IMM rather than filling the IMS. Right, mitochondria of untransfected HEK cells processed under identical conditions. An EM comparison of 
MICU1-APEX and MICU1-APEX2 is shown in supplementary figure 16. Images are representative of >9 fields of view. Scale bars, 500 nm.
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Mammalian cell culture. HEK-293T, HeLa, or COS-7 cells from 
ATCC (passages <20) were cultured in a MEM (Cellgro) or 1:1 
DMEM:MEM mixture (Cellgro) supplemented with 10% FBS, 50 
units/mL penicillin, and 50 µg/mL streptomycin at 37 °C under 5% 
CO2. Mycoplasma testing was not performed before experiments. 
For imaging experiments, cells were grown on 7 × 7–mm glass 
coverslips in 48-well plates. To improve the adherence of HEK-
293T cells, we pretreated glass slides with 50 µg/mL fibronectin 
(Millipore) for 15 min at 37 °C before cell plating and washed three 
times with Dulbecco’s phosphate-buffered saline (DPBS), pH 7.4. 
Cells were transfected at 60–80% confluence using Lipofectamine 
2000 (Life Technologies), typically with 0.7 µL Lipofectamine 2000 
and 100 ng plasmid per 300,000 cells. Cells were labeled and/or 
fixed 18–24 h after transfection.

Lentiviral infection with APEX fusions. To prepare viruses, 
HEK-293T cells in six-well plates were transfected at ~60–70% 
confluency with the lentiviral vector pLX304 containing the gene 
of interest (1,000 ng), the lentiviral packaging plasmids dR8.91 
(900 ng) and pVSV-G (100 ng)27, and 10 μL of Lipofectamine 
2000 for 3 h. About 60 h after transfection, the cell medium con-
taining lentivirus was harvested, filtered through a 0.45-µm filter, 
and added to other fresh cell cultures to induce expression of the 
gene of interest. Typically, for both COS-7 and HEK-293T cul-
tures in wells of a 48-well plate (0.95 cm2 per well), cells would 
be preplated the night before at ~50% confluency. The next day, 
the medium would be exchanged for 187.5 µL of fresh medium 
and 62.5 µL of viral medium. Cells were then incubated for 48 h 
at 37 °C with 5% CO2 before labeling and imaging. For infection 
of hippocampal neurons, cell culture was performed as described 
above, and 300 μL of viral medium were added at DIV14 to the 
existing culture medium (~2.5 mL). Neurons were fixed and 
labeled at DIV18.

Biotin-phenol labeling in live cells. Genes were introduced into 
HEK-293T or COS-7 cells through either transient transfection 
with Lipofectamine 2000 or lentiviral infection. After 18–24 h 
(transfection) or 48 h (lentivirus), biotin-phenol labeling was ini-
tiated by changing the medium to 200 µL of fresh growth medium 
containing 500 µM biotin-phenol. This was incubated at 37 °C 
under 5% CO2 for 30 min according to previously published  
protocols5. Afterwards, 2 µL of 100 mM H2O2 were added to each 
well, for a final concentration of 1 mM H2O2, and the plate gently  
agitated for 1 min. The reaction was then quenched by addi-
tion of 200 µL of 10 mM Trolox and 20 mM sodium ascorbate 
in DPBS (for a final concentration of 5 mM Trolox and 10 mM  
sodium ascorbate). Cells were washed with DPBS containing  
5 mM Trolox and 10 mM sodium ascorbate three times and fixed 
with 3.7% paraformaldehyde in DPBS at room temperature for 10 
min. Cells were then washed with DPBS three times and permea-
bilized with cold methanol at –20 °C for 5 min. Cells were washed 
again three times with DPBS and blocked for 1 h with 3% BSA in 
DPBS (“blocking buffer”) at 4 °C. 

To detect APEX-fusion expression, cells were incubated with 
either mouse anti-Flag antibody (Agilent, cat. no. 200472, 1:500 
dilution) or mouse anti-V5 antibody (Life Technologies, cat. no. 
R960-25, 1:500 dilution) for 1 h to overnight at 4 °C. After washing  
three times with 0.2% Tween in DPBS, cells were simultaneously 

incubated with secondary Alexa Fluor 488-goat anti-mouse IgG 
(Life Technologies, cat. no. A-11029, 1:750 dilution) and home-
made streptavidin–Alexa Fluor 568 for 1 h at 4 °C. Cells were then 
washed three times with 0.2% Tween in DPBS and maintained 
in DPBS on ice for imaging. All antibodies used in this study are 
listed in Supplementary Table 1.

Fluorescence microscopy. Confocal imaging was performed using 
a Zeiss AxioObserver.Z1 microscope equipped with a Yokogawa 
spinning disk confocal head and a Cascade II:512 camera.  
The confocal head contained a quad-band notch dichroic mirror  
(405/488/568/647 nm). Samples were excited by solid-state  
491-nm (~20 mW) or 561-nm (~20 mW) lasers. Images were 
acquired using Slidebook 5.0 software (Intelligent Imaging 
Innovations), through a 48× oil-immersion objective for YFP/
AF488 (528/38 emission filter), AF568 (617/73 emission filter), 
and differential interference contrast (DIC) channels. Acquisition 
times ranged from 10 to 1,000 ms. Imaging conditions and inten-
sity scales were matched for each data set presented together 
unless otherwise noted.

Western blot analysis of biotin-phenol labeling. For strepta-
vidin blotting, HEK-293T cells in wells of a six-well plate were 
transfected with APEX-NES variants and labeled under the 
same conditions described for biotin-phenol imaging above. 
After 1 min of labeling, the cells were washed three times with 
quencher solution (10 mM sodium azide, 10 mM sodium 
ascorbate, and 5 mM Trolox) and then scraped and pelleted 
by centrifugation at 3,000g for 10 min. The pellet was stored at  
–80 °C and then lysed with RIPA lysis buffer (50 mM Tris, 150 mM  
NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton  
X-100, 1× protease cocktail (Sigma Aldrich, catalog no. P8849), 
1 mM PMSF (phenylmethylsulfonyl fluoride), 10 mM sodium 
azide, 10 mM sodium ascorbate, and 5 mM Trolox) for 1 min 
at 4 °C. The cell pellet was resuspended by gentle pipetting. 
Lysates were clarified by centrifugation at 15,000g for 10 min at  
4 °C before separation on a 9% SDS-PAGE gel. 

For blotting analysis, gels were transferred to nitrocellulose 
membrane, stained by Ponceau S (10 min in 0.1% (w/v) Ponceau S 
in 5% acetic acid/water), and blocked with “blot blocking buffer” 
(3% (w/v) BSA and 0.1% Tween-20 in Tris-buffered saline) at  
4 °C overnight. The blots were immersed in streptavidin-HRP  
in blot blocking buffer (1:3,000 dilution, Thermo Scientific,  
cat. no. 21126) at room temperature for 60 min and then rinsed 
with blot blocking buffer five times for 5 min (5 × 5 min) before 
development with Clarity reagent (Bio-Rad) and imaging on an 
Alpha Innotech gel imaging system. For assessing comparative 
enzyme expression level, an identical gel and blot was prepared 
in parallel and immunoblotted with anti–Flag-M2-HRP (1:3,000, 
Sigma, cat. no. A8592).

For the proximity labeling analysis in Figure 2c, HEK-293T 
cells were grown in six-well plates and infected at ~50% con-
fluency with 500 µL lentivirus prepared as described above. 
After 48 h, cells were split into T25 flasks. Biotin-phenol label-
ing was performed with 30 min preincubation of 500 µM 
biotin-phenol in 4 mL of a 1:1 mixture of DMEM/MEM (both 
from Cellgro) at 37 °C. Flasks were quickly inverted so biotin- 
phenol medium was on the ceiling of the flask, and 40 µL of 100 mM  
H2O2 were added (for a final concentration of 1 mM) and the 
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flask was agitated to mix. Flasks were again inverted, and cells 
were exposed to the 1 mM H2O2 and 500 µM biotin-phenol solu-
tion for 1 min at room temperature. Afterwards, the flask was 
inverted and the solution replaced with 5 mL of ice cold DPBS 
with quenchers (5 mM Trolox, 10 mM sodium ascorbate, 10 mM  
sodium azide), and the flask was reinverted for 1 min. The 
flask was then washed with 5 mL DPBS + quenchers two more 
times. Cells were then resuspended by electronic pipette in 5 mL 
DPBS + quenchers and pelleted at 3,000g for 10 min at 4 °C. The  
supernatant was removed, and the pellet was frozen at –80 °C 
overnight.

Enrichment of biotinylated proteins was performed according 
to previous protocols5,6. Cell pellets were lysed in 600 µL RIPA 
lysis buffer, 1 mM PMSF, 5 mM Trolox, 10 mM sodium ascor-
bate, and 10 mM sodium azide. The lysates were centrifuged at 
15,000g for 10 min at 4 °C, and the supernatants transferred to 
new 1.5-mL microcentrifuge tubes and labeled as whole-cell lysate 
(WCL). Protein concentrations of each WCL were determined by 
the Pierce 660-nm protein assay (catalog no. 22660).

Streptavidin-coated magnetic beads (Pierce, catalog no. 88817) 
were washed twice with RIPA buffer, and 1,750 µg of each WCL 
sample were incubated with 120 µL of magnetic bead slurry in 
separate 1.5-mL microcentrifuge tubes with rotation for 1 h at 
room temperature. The beads were subsequently washed twice 
with 1 mL RIPA lysis buffer, once with 1 mL of 1 M KCl, once with 
1 mL of 0.1M Na2CO3, once with 1 mL of 2 M urea in 10 mM Tris-
HCl pH 8.0, and twice with 1 mL RIPA lysis buffer. Biotinylated 
proteins were then eluted by boiling the beads in 75 µL 3× protein 
loading buffer supplemented with 20 mM dithiothreitol (DTT) 
and 2 mM biotin. 17.5 µg of each WCL and 25 µL of each strepta-
vidin eluate (SAE) were separated on 9% SDS-PAGE gels.

Nitrocellulose blot transfer and Ponceau S staining were per-
formed as described above. Membranes were blocked with blot 
blocking buffer overnight at 4 °C, cut into strips according to 
molecular weight, and incubated facedown into 500 µL of blot 
blocking buffer containing the specified primary antibodies 
(Supplementary Table 1) for 1 h at room temperature. Blots 
were washed 5 × 5 min in blot blocking buffer before incubation 
in 10 mL of secondary antibody in blot blocking buffer for 1 h at 
room temperature. The membranes were then washed again 5 × 
5 min in blot blocking buffer before imaging with Clarity reagent  
(Bio-Rad) as described above.

Generation of stable MICU1-APEX2 HEK-293T. HEK-293T 
cells lacking endogenous MICU1 were prepared using TALE nucle-
ase as described previously28 by targeting the 5′-most exon. After 
single-cell cloning, colonies with a premature stop codon were 
identified by DNA sequencing, and knockout was additionally  
verified by western blot. C-terminally Flag-tagged MICU1 
with or without a C-terminal APEX2 fusion was cloned 
into the pLJM5 vector29. MICU1 KO cells stably expressing 
MICU1-Flag or MICU1-APEX2 were generated by lentivi-
ral infection, followed by selection with 200 µg/mL hygromy-
cin for 3 d. Compared with previous studies, we note that 
there are differences in cell types (HeLa17 vs. HEK-293T16) 
and splice variants of MICU1 used (isoform 1 (ref. 17) vs.  
isoform 2 (ref. 16)), though the two splice variants differ by only  
two residues that do not affect any interaction domains or the 
mitochondrial targeting sequence. Hence, we do not expect the  

different localizations to arise from these experimental differences.  
Immunoblot of WCLs was performed using antibodies from the 
following sources: Sigma (MICU1, cat. no. HPA037480, 1:1,000) 
and Mitosciences (SDHB, cat. no. AB14714, 1:2,000).

Mitochondrial calcium-uptake assays. HEK-293T cells were per-
meabilized in a KCl buffer (125 mM KCl, 2 mM K2HPO4, 10 µM 
EGTA,1 mM MgCl2, 20 mM HEPES, pH 7.2) along with 0.005% 
digitonin (Sigma-Aldrich), 5 mM glutamate, 5 mM malate, and  
1 µM cell-impermeable Fluo4 (Life Technologies). Fluorescence 
of Fluo4 was monitored with excitation at 485 nm and emission at 
535 nm using a Perkin-Elmer Envision plate reader. 10 µM CaCl2 
was injected at 4 s, resulting in about 1 µM free Ca2+. Relative rate 
of calcium uptake is reported using a linear fit of Fluo4 fluores-
cence from 50–60 s (n = 3).

EM imaging of MICU1-APEX2. DAB staining was performed 
on transiently transfected or stable HEK-293T as previously 
described4. For analysis of DAB activity by bright-field imaging 
(Supplementary Fig. 6), cells were grown on 7 × 7–mm glass  
coverslips placed inside 48-well cell culture plates. Cells were fixed 
on ice using prechilled 2% glutaraldehyde (Electron Microscopy 
Sciences) in DPBS buffer, pH 7.4, for 30 min. All subsequent work 
was performed using prechilled buffers and reagents. Cells were 
rinsed with DPBS three times for 2 min each before addition 
of 20 mM glycine in PBS, pH 7.4 to quench unreacted fixative. 
Cell were again washed with DPBS three times. DAB staining 
was initiated with the addition of freshly diluted 0.5 mg/mL  
(1.4 mM) DAB (Sigma; from a stock of the free base dissolved 
in 0.1 M HCl) and 10 mM H2O2 in DPBS. After 5 min, the  
reaction was stopped with the removal of the DAB solution, and 
the cells were again washed with DPBS 3 × 2 min each. Cells were 
then imaged by bright-field microscopy. Acquisition times ranged 
from 50 to 100 ms.

For MICU1-APEX2 EM shown in Figure 3e, stable cells were 
grown in plastic six-well plates to 90% confluency and fixed using 
room-temperature 2% glutaraldehyde (Electron Microscopy 
Sciences) in “buffer” (100 mM sodium cacodylate with 2 mM 
CaCl2, pH 7.4) and then quickly moved to ice. Cells were kept 
between 0 and 4 °C for all subsequent steps until resin infiltration. 
After 30–60 min, cells were rinsed 5 × 2 min each in chilled buffer 
and then treated for 5 min in buffer containing 20 mM glycine to 
quench unreacted glutaraldehyde, followed by another five 2-min 
rinses in chilled buffer. A freshly diluted solution of 0.5 mg/mL 
(1.4 mM) DAB free base (Sigma) was combined with 10 mM H2O2 
in chilled buffer, and the solution was added to cells for 5 min. To 
halt the reaction, we removed the DAB solution, and cells were 
rinsed 5 × 2 min with chilled buffer. Postfixation staining was 
performed with 2% (w/v) osmium tetroxide (Electron Microscopy 
Sciences) for 30 min in chilled buffer. Cells were rinsed 5 ×  
2 min each in chilled distilled water and then placed in chilled 2% 
(w/v) uranyl acetate in ddH2O (Electron Microscopy Sciences) 
overnight. Cells were brought to room temperature, washed in 
distilled water, and then carefully scraped off the plastic, resus-
pended, and centrifuged at 700g for 1 min to generate a cell pellet. 
The supernatant was removed, and the pellet was dehydrated in a 
graded ethanol series (50%, 75%, 90%, 95%, 100%, 100%, 100%), 
for 10 min each time, then infiltrated in EMBED-812 (Electron 
Microscopy Sciences) using 1:1 (v/v) resin and anhydrous ethanol 
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overnight, followed by two changes into 100% resin before letting 
sit overnight. Finally, the sample was exchanged once more with 
100% resin before transfer to fresh resin and polymerization at 
60 °C for 48 h. Embedded cell pellets were cut with a diamond 
knife into 50-nm sections and imaged on a FEI-Tecnai G2 Spirit 
BioTWIN transmission electron microscope operated at 80 kV.

Plasmids and cloning. See Supplementary Table 2 for a list of 
genetic constructs used in this study. Genes were cloned into the 
specified vectors using standard enzymatic restriction digest and 
ligation with T4 DNA ligase. All APEX variants were derived 
from soybean ascorbate peroxidase. The nuclear export sequence, 
NES (LQLPPLERLTLD), was derived from residues 6–17 of the 
HIV-1 Rev protein30. Human MICU1 and MAVS (C-terminal 31 
residues, RPSPGALWLQVAVTGVLVVTLLVVLYRRRLH)31 were 
used, whereas the ER-targeted C1 sequence was derived from the 
N-terminal 27 amino acids of rabbit P450 C1 (MDPVVVLGLCL
SCLLLLSLWKQSYGGG)32. Cx43-GFP-APEX2 and APEX2-NES 
are available on Addgene (49385 and 49386, respectively).

Yeast cell culture. Saccharomyces cerevisiae strain EBY100 was 
cultured according to previously published protocols33. Cells 
were propagated at 30 °C in yeast extract peptone dextrose 
(YPD) complete medium. Transformed cells containing the TRP1 
gene were selected on synthetic dextrose plus casein amino acid 
(SDCAA) plates and propagated in SDCAA medium at 30 °C. 
Protein expression was induced by inoculating 4.5 mL of SGCAA 
(SDCAA medium with dextrose replaced by an equivalent amount 
of galactose) with 500 µL of a saturated SDCAA yeast culture and 
incubating at 30 °C for 20–24 h. Yeast cells were transformed with 
the yeast-display plasmid pCTCON2 (ref. 33) using the Frozen  
E-Z Yeast Transformation II Kit (Zymoprep) according to  
manufacturer protocols.

Generation of APEX library for yeast display. A library of APEX 
mutants was generated by error-prone PCR according to published 
protocols34. In brief, 150 ng of the template soybean APEX in vector  
pCTCON2 (ref. 33) were amplified for ten rounds with 0.4 µM  
forward and reverse primers (F: 5′-CTAGTGGTGGAGGAGGCT
CTGGTGGAGGCGGTAGCGGAGGCGGAGGGTCGGCTAGC-
3′, R: 5′-TATCAGATCTCGAGCTATTACAAGTCCTCTTCAGA
AATAAGCTTTTGTTCGGATCC-3′), 2 mM MgCl2, 5 units of 
Taq polymerase (NEB), and 2 µM each of the mutagenic nucle-
otide analogs 8-oxo-2′-deoxyguanosine-5′-triphosphate (8-oxo-
dGTP) and 2′-deoxy-P-nucleoside-5′-triphosphate (dPTP). The 
PCR product was then gel purified and reamplified for another  
30 cycles under normal PCR conditions (F: 5′ CAAGGTCTGCAGG
CTAGTGGTGGAGGAGGCTCTGGTG-3′, R: 5′ - CTACACTGTT
GTTATCAGATCTCGAGCTATTACAAGTC-3′). The inserts were 
then electroporated into electrocompetent S. cerevisiae EBY100  
(ref. 33) with the BamHI-NheI linearized pCTCON2 vector (10 µg  
insert/1 µg vector) backbone. Transformation efficiency was  
1.2 × 106. DNA sequencing of 16 distinct colonies showed an 
average of 1 amino acid mutation per clone with a range of 0–4 
mutations. The electroporated cultures were rescued in 100 mL 
of SDCAA medium supplemented with 50 units/mL penicillin 
and 50 µg/mL streptomycin for 2 d at 30 °C.

Yeast-display selections. At least a tenfold excess of yeast cells 
relative to the original library diversity was propagated and labeled 
each round to ensure oversampling. To propagate the library 
rounds, 500 µL of saturated yeast cultures (grown for 24–48 h in 
SDCAA medium at 30 °C) were mixed with 4.5 mL of SGCAA 
medium that contained or omitted 1 mM succinyl acetone and 
incubated for 20 h at 30 °C. Yeast cultures then were pelleted at 
500g for 4 min at 4 °C and resuspended in an equivalent volume  
of DPBS (137.9 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4,  
1.5 mM KH2PO4, 0.9 mM CaCl2, 0.5 mM MgCl2, pH 7.4) + 0.1% 
BSA (1 mg/mL) (DBPS-B). All subsequent work was done using 
DPBS-B with cultures at 4 °C. Cultures were washed once more, 
and the OD600 for a 1/100 dilution of the culture was measured. 
Aliquots of 2.5 × 106 yeast cells (1 OD600 ~ 1 × 107 yeast cells) 
were pelleted in a 1.5-mL microcentrifuge tube at 14,000g for  
30 s. Yeast cells were then resuspended with 1 mL of labeling 
solution consisting of 100 µM biotin-phenol and 1 µM H2O2 and 
transferred to a 15-mL conical tube. After 1 min total reaction 
time, the solution was quenched with 1 mL of 10 mM Trolox and 
20 mM sodium ascorbate followed by rapid vortexing. Minimal 
intercellular labeling was observed under these conditions.  
The cells were pelleted at 14,000g for 1 min. Excess solution  
was removed, and samples were transferred back to 1.5-mL micro-
centrifuge tubes. Each sample was washed twice with 125 µL  
DPBS-B and pelleted. Samples were then resuspended in 50 µL 
of a 1:50 dilution of mouse anti–c-Myc (EMD Millipore, cat. no.  
OP10-200UG) and incubated at 4 °C with rotation for 1 h. Samples 
were washed twice with 125 µL DPBS-B and resuspended in  
50 µL of a 1:50 dilution of streptavidin-phycoerythrin (Jackson 
ImmunoResearch, cat. no. 016-110-084) and a 1:100 dilution of Alexa 
Fluor 488 goat anti-mouse IgG (Life Technologies, cat. no. A-11029).  
After 1 h of incubation with rotation at 4 °C, samples were washed 
twice and resuspended in 500 µL PBS-B for FACS analysis.

For two-dimensional FACS sorting, 500-µL samples in DPBS-B 
were sorted on a BD FACS Aria IIu cell sorter with the 488-nm 
laser and appropriate emission filters (530/30 for AF488, 575/26 
for PE). Gates were drawn to collect yeast cells with the highest 
activity/expression ratio, i.e., positive for AF488 signal that also 
had high PE signal. After sorting, yeast cells were collected in  
500 µL–1 mL SDCAA medium containing 1% penicillin- 
streptomycin and incubated at 30 °C for 24 h. 250 µL of the growing  
culture were removed for DNA extraction, with the rest trans-
ferred to 5 mL of SDCAA medium + 1% pen-strep for another 24 h  
at 30 °C. 500 µL of the saturated SDCAA yeast culture were 
then transferred to SGCAA medium to induce protein expres-
sion for 20 h at 30 °C before labeling for the next round of 
selection. To analyze yeast populations and clones by FACS, we  
recultured in SDCAA and SGCAA medium, and analyzed on 
a BD LSR II flow cytometer (BD Biosciences). Labeling was  
performed as described above. 

Neuron culture. Hippocampal neurons were harvested from 
rat embryos sacrificed at embryonic day 18 and plated in  
24-well plates as previously described35. Neurons were transfected 
at DIV 9 with 1 µL Lipofectamine 2000 and 200 ng DNA per well 
for 3 h in 250 µL MEM. After 4 d, cells either were fixed and either 
immunostained or overlaid with DAB as described above.
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Sequencing analysis of yeast clones. Plasmid DNA from yeast 
cultures was harvested from yeast growing at low log phase using 
the Zymoprep Yeast Plasmid Miniprep II Kit (Zymo Research) 
according to the manufacturer’s instructions. 4 µL of the purified  
DNA were transformed into XL1Blue Escherichia coli cells by 
heat-shock transformation and rescued for 1 h at 37 °C. The entire 
culture was then plated on an LB-ampicillin plate, and 16–20  
colonies were picked for sequencing of individual clones.

Imaging analysis of Amplex red labeling in mammalian 
cells. HEK-293T on glass coverslips were transfected for 3 h 
with Lipofectamine 2000, before medium change into com-
plete medium with or without 7 µM heme (from a freshly gen-
erated stock solution of 483 µM hemin-Cl (Sigma) in 10 mM 
NaOH) for 22 h (ref. 36). Afterwards, cells were moved to ice, 
washed three times with DPBS, and then treated with a solu-
tion of 50 µM Amplex UltraRed (Life Technologies) with 0.02%  
(6.7 mM) H2O2 in DPBS according to previously published  
protocols4. Cells were labeled for 6 min before washing and  
fixation. Samples were blocked using 1% (v/v) BSA (Fisher 
Scientific) in PBS at 4 °C for 30 min and then treated overnight 
at 4 °C with a 1:500 dilution of mouse anti-Flag antibody (Agilent, 
cat. no. 200472) in DPBS with 1% BSA. Cells were rinsed three 
times in 0.2% Tween in DPBS and then treated with a 1:750 dilu-
tion of Alexa Fluor 488 goat anti-mouse IgG (Life Technologies, 
cat. no. A-11029) for 1 h at 4 °C. Cells were rinsed three times in 
DBPS–0.2% Tween and then imaged by confocal microscopy.

The background-corrected mean resorufin fluorescence 
intensity of individual cells with positive anti-Flag staining were 
obtained for >33 cells per condition. The nonparametric Wilcoxon 
rank-sum test was performed between the distributions of  
fluorescent intensities of each variant with or without heme.

Gel-filtration chromatography. Gel filtration was run according 
to previously published protocols4. Purified APX proteins were 
diluted to the desired concentrations using chilled (4 °C) PBS  
(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2.0 mM KH2PO4, 
pH 7.4). Enzyme concentrations were calculated on the basis of total 
protein content (not heme-bound protein). Samples (45 µL) were 
run on a GE ÄKTA FPLC over a Superdex 75 10/300 column (GE 
Healthcare) that had been preequilibrated in PBS, pH 7.4. Samples 
were run isocratically at 4 °C in PBS at a flow rate of 0.5 mL/min. 
Elution of APEX was monitored by absorbance at 280 nm. Unicorn 
system control software (GE Healthcare) was used for analysis of 
elution profiles. Apparent molecular weights were determined by 
referencing low–molecular weight standards (GE).

Temperature-dependent heme-dissociation assay. Temperature-
dependent heme-dissociation experiments were performed using 
a Cary 3 UV-Vis spectrophotometer (Varian) equipped with a 
multicell thermal block according to a published procedure7 
with a few modifications. Temperature was increased at a rate of 
6 °C/min, and absorbance was measured at 405 nm to monitor 
heme dissociation from the enzyme active site (free heme has a 
lower ε405 than APEX-bound heme). Data points were collected 
every 1 °C. Proteins were diluted in PBS, pH 7.4, at room tempera-
ture to a concentration of 6.1 µM. Enzyme concentrations were 
calculated on the basis of holo protein content (A405). The visible 

spectra were normalized and converted to fraction folded using 
the formula (Aobs – Amin)/(Amax – Amin).

APEX expression and purification from E. coli. N-terminal 
His6-tagged APEX mutants in pTRC expression vectors were 
overexpressed in E. coli BL21-DE3 cells. Individual colonies  
were amplified in 500 mL Luria broth (LB) supplemented with 
10 µg/mL ampicillin and grown to an OD600 of 0.5 at 37 °C. 
Protein expression was induced with 420 µM isopropyl β-d-1- 
thiogalactopyranoside (IPTG) and supplemented with 1 mM  
5-aminolevulinic acid hydrochloride (Sigma) overnight at 
room temperature to promote higher heme incorporation37,38. 
Protein samples were purified and concentrated according to 
previously published protocols4. Protein samples were flash 
frozen in liquid N2 and stored in aliquots at −80 °C. Purity 
was checked using SDS-PAGE. All purified APEX variants had 
ratios of A405/A280 >2.0, which in previous reports indicated full 
heme occupancy39. Our experiments indicated that A405/A280 =  
2.0 corresponds to heme occupancy of approximately 60%, 
but we nevertheless deemed these samples suitable for in vitro 
kinetic experiments, despite the presence of some apo protein. 
Concentrations of heme-bound protein were determined on the 
basis of Soret band absorbance. The Soret band molar extinction  
coefficients were determined using the heme pyridine chro-
mogen assay40 to be ε405 = 122 mM−1 cm−1 for APEX and ε405 =  
128 mM−1 cm−1 for VPGAPEX. The ε405 values obtained for 
W41FAPX and APEX2 showed high variation and were much larger 
(up to 180 mM−1 cm−1) than published Soret extinction coeffi-
cients for ascorbate peroxidase and its mutants. We attributed these 
abnormally high extinction coefficients to incomplete extraction  
of heme from the active site upon addition of pyridine. As 
W41FAPX is identical to APEX in terms of heme-binding residues,  
and APEX2 is identical to VPGAPEX, we assumed ε405 =  
122 mM−1 cm−1 for W41FAPX and ε405 = 128 mM−1 cm−1 for 
APEX2. Concentrations of total protein content were deter-
mined using the bicinchoninic acid (BCA) Protein Assay  
Kit (Pierce).

Guaiacol steady-state kinetic assays. Guaiacol assays were 
performed on a NanoDrop 2000c UV-vis spectrophotometer 
(Thermo Scientific) using its cuvette reader. Equal concentra-
tions of purified, heme-bound holoenzyme were used for each 
experiment. Concentrations of APEX variants were calculated 
based on holo protein content, as determined using absorbance 
at 405 nm (see “APEX expression and purification from E. coli” 
section for details). HRP (Sigma) was dissolved into PBS, pH 7.4,  
from a lyophilized form, and enzyme concentration was  
calculated using ε405 = 100 mM−1 cm−1. Guaiacol (Sigma) was 
diluted in room temperature PBS, pH 7.4, to concentrations rang-
ing from 0.25 to 30 mM. Solutions were agitated at 37 °C for at 
least 5 min and then vortexed thoroughly to ensure the guaiacol 
was dissolved. H2O2 (Sigma) was diluted from stock solutions to 
the final concentrations indicated in each figure. Concentrations 
of H2O2 stock solutions were determined using ε240 = 43.6 M−1 
cm−1 using a NanoDrop 2000c41. Reactions were assembled in 
disposable plastic cuvettes by adding 600 µL guaiacol solution 
and 1 µL of a stock H2O2 solution. Reactions were initiated by 
addition of enzyme (1–2 µL from a stock solution), followed 
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by manual mixing and immediate monitoring of absorbance at  
470 nm. Oxidation to tetraguaiacol was measured using ε470 =  
22 mM−1 cm−1 (ref. 24).

For determination of Michaelis-Menten parameters 
(Supplementary Fig. 12), H2O2 concentrations were as follows: 
90 µM for APEX and W41FAPX, 1 mM for APEX2 and VPGAPEX, 
and 10 mM for HRP. A H2O2 concentration was selected for each 
enzyme to give the highest Vmax while still allowing the enzyme 
to exhibit Michaelis-Menten behavior with respect to guaiacol. 
For example, HRP displayed higher Vo using 10 mM H2O2 as 
compared to 1 mM H2O2 for all guaiacol concentrations tested, 
so 10 mM H2O2 was used for HRP. On the other hand, although 
APEX displayed high Vmax values with 1 and 10 mM H2O2, Vo 
values for guaiacol concentrations <2.5 mM were highest using 
90 µM H2O2. The higher kcat values derived here for APEX and 
W41FAPX as compared to previous work4 can be accounted for by 
three factors. First, protein concentration in this work was deter-
mined on the basis of holoenzyme, whereas the previous work  
used total enzyme. Second, heme reconstitution was performed 
in the previous work, but not here. Although heme reconstitution 
boosts heme occupancy, we have also observed that it decreases 
specific activity. Third, the previous values were obtained using  
APEX derived from pea, whereas these values were obtained for 
soybean-derived enzymes. kcat and KM were calculated by nonlin-
ear regression fitting of the data in Supplementary Figure 12b to 
the Michaelis-Menten equation using OriginPro. Standard errors 
are calculated in this software based on the variance-covariance 
matrix and mean residual variance.

For the H2O2 titration shown in Figure 2e, the 1.4 mM guaiacol  
data points for APEX2 and VPGAPEX between 250 µM and  
5 mM H2O2 represent lower bounds and have large errors because 
the uninhibited initial rates could not be captured in our assay. 
Both enzymes exhibited Vo/[E]t > 100 under these conditions, but 
the rate of product formation had already declined within a few  
seconds—faster than the timescale of the manual mixing used in 
our assay—owing to accumulation of inactivated enzyme.

Measurement of heme incorporation in E. coli cells. Three indi-
vidual colonies from plated E. coli BL21-DE3 cells expressing each 
APEX variant (APEX, W41FAPX, APEX2, and VPGAPEX) were 
picked into separate liquid cultures. Each culture was amplified 
in 100 mL LB supplemented with 10 µg/mL ampicillin at 37 °C, 
and protein expression was induced at an OD600 of 0.5 with 420 
µM IPTG. Cultures were grown at 37 °C overnight for approxi-
mately 25 h. 1 × 108 cells per culture were isolated as measured by 
OD600 (0.1 OD600 = 2 × 107 cells/mL) for characterizing compara-
tive intracellular APEX variant activity. Cells were pelleted and 

resuspended in 200 µL of 50 µM Amplex UltraRed in DPBS, pH 
7.4, and specified concentrations of H2O2 for 1 min. The reaction 
was quickly quenched with addition of 200 µL of a quenching 
solution (10 mM Trolox, 20 mM sodium ascorbate, 20 mM NaN3 
in DPBS). Cells were pelleted at 14,000g for 1 min, and 150 µL 
of each supernatant were transferred to a Fluotrac 200 96-well 
plate (Greiner Bio One). Samples were measured for resorufin 
fluorescence on a Tecan Safire microplate reader, with excitation 
at 571 nm and emission measured at 585 nm. The rest of the cul-
tures were pelleted and purified as described above. Samples were 
not concentrated. Heme incorporation was measured as a ratio 
of A408/A280 on a NanoDrop 2000c UV-vis spectrophotometer 
(Thermo Scientific). As stated above, we found that a ratio of 2.0 
corresponds to 57% heme occupancy in APEX. This number was 
calculated by determining heme-bound protein concentration in 
a purified protein sample on the basis of A405 and then dividing 
this number by the total protein concentration, as determined 
using the BCA assay.

Other EM imaging. EM imaging of the samples shown in  
Figure 2d and Supplementary Figures 1c and 7 was performed 
as previously described4. The DAB-stained areas of the embedded 
cell samples were identified by transmitted light, selectively sawed 
out using a jeweler’s saw and mounted on dummy acrylic blocks 
with cyanoacrylic adhesive (Krazy Glue, Elmer’s Products). The 
coverslip was removed, the block trimmed, and ultrathin (80 nm  
thick) sections cut using an ultramicrotome (Leica Ultracut 
UTC6). Electron micrographs were recorded using a JEOL 1200 
TEM operating at 80 keV.
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Erratum: Directed evolution of APEX2 for electron microscopy and 
proximity labeling
Stephanie S Lam, Jeffrey D Martell, Kimberli J Kamer, Thomas J Deerinck, Mark H Ellisman, Vamsi K Mootha & Alice Y Ting
Nat. Methods; doi:10.1038/nmeth.3179; corrected online 10 December 2014 

In the version of this article initially published online, the asterisks in Figure 2a were incorrectly depicted as exclamation marks, and some 
ordinate labels in the left graph of Figure 2e were obscured. The errors have been corrected for the print, PDF and HTML versions of this 
article.
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